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Background 

This invention relateTgenerally * cooling stacks of 

integrated circuits. 

Stacking of Multiple integrated circuit chrps may 
5 improve integrated circuit functionality, while at the same 
il reducing space requirements. *s transistor dr.ensrons 
shrink, the stacking of neat producing integrated courts 
wi U increase heat dissipation problems. Conventual 
integrated circuit technologies may not be abie to 
„ adequately remove the amount of heat generated from 
stacking a series of heat producing chips. 

Thus, there is a need for better ways of cooling 
stacks of integrated circuits. 

pescri Etios °t the D rawings 
Figure 1 is a schematic depiction of the operation of 
the embodiment in accordance with one embodiment of the 

present invention; 

Pigure 2 is an enlarged cross-sectional vrew of one 
embodiment of the present invention at an early stage of 
20 manufacture; 
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Figure 3 is an enlarged cross-sectional view at a 

mif:ir , h , rP i n accordance with one 
subsequent stage of manufacture in ac 

embodiment of the present invention; 

Figure 4 is an enlarged cross-sectional view at a 

* manufacture in accordance with one 
subsequent stage of manufacture in 

embodiment of the present invention; 

Figure 5 is an enlarged cross-sectional view at a 
subsequent stage of manufacture in accordance with one 
embodiment of the present invention; 

Figure 6 is an enlarged cross-sectional view at a 
sub sequent stage of manufacture in accordance with one 
embodiment of the present invention; 

Figure 7 is an enlarged cross-sectional view taken 
along the lines 7-7 in Figure 8 at a subsequent stage of 
manufacture in accordance with one embodiment of the 

present invention; 

Figure 8 i. a top plan view of the embodiment shown xn 
Figure 8 in accordance with one embodiment of the present 

invention; , 

Figure 9 is an enlarged cross-sectional vxew of 
dieted structure in accordance with one embodiment of 

the present invention; 

Figure 10 is a depiction of a recombiner at an early 

stage of manufacture; 
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Figure 1! is an enlarged cross-sectional view at a 
subseguent stage of manufacture in accordance with one 
embodiment of the present invention; 

Figure 12 is an enlarged top plan view at a subsequent 
st age o £ manufacture in accordance with one embodiment of 

the present invention; „ a „„.i 
Figure 13 is a cross-sectional view taken general 
aiong the line 13-13 in Figure 12 in accordance with one 
embodiment of the present invention; 

Figure 14 is an enlarged cross-sectional view at 
su bseguent stage of manufacture in accordance with one 
embodiment of the present invention; 

Figure 15 is a top plan view of the embodiment shown 
in Figure 14 at a subseguent stage of manufacture in 
accordance with one embodiment of the present invention; 

Figure 16 is a cross-sectional view taken generally 
aiong the line 16-16 in Figure 15 in accordance with one 
embodiment of the present invention; 

Figure 17 is a cross-sectional view corresponding to 
Figure 16 at a subseguent stage of manufacture in 
accordance with one embodiment of the present inve ntion; 

Figure 17X is a side-elevational view of a re-combiner 
in accordance with one embodiment of the present invention; 
Figure 18 is a cross-sectional view of a system in 
, accordance with one embodiment of the present invention; 
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Figure 19 is a scheme view of a packaged system in 
accordance with one embodiment of the present invention; 

Figure 20 is a cross-sectional view of a packaged 
sys tem in accordance with another embodiment of the present 
invention; 

Figure 21 is a cross-sectional view of a packaged 
sys tem in accordance with another embodiment of the present 

invention; . 
Figure 22 is a schematic view of a cooling system in 

accordance with another embodiment of the present 
invention; 

Figure 23 is a schematic view of still another 
embodiment of the present invention; 

Figure 24 is a schematic view of still another 
embodiment of the present invention; 

Figure 25 is a schematic view of still another 
embodiment of the present invention; 

Figure 26 is a schematic view of still another 
embodiment of the present invention; 

Figure 27 is a schematic view of still another 
embodiment of the present invention; 

Figure 28 is an enlarged, cross-sectional v.ew through 
one embodiment of the present invention taken generally 
along the line 28-28 in Figure 29; and 
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Figur e 29 i. a cross-sectional view taKen generally 
al ong the line 29-29 in Figure 28 in accordance with one 
embodiment of the present invention. 

retailed Description 
Keferring to Figure 1. an electroosmotic pump 28 
£ab ricated in silicon is capeble of pumping . lu . -h 
as a cooling fluid, through a frit 18. The frit 18 may 
lid on opposed ends to electrodes 29 that generate an 
eJctric field that results in the transport of a liguld 
through the frit 18. This process is Known as the 

ectroosmotic effect. The liguid may he, for example 
wa ter and the frit m a y he composed of silicon 
one embodiment, m this case hydrogen from hydroxy! groups 
on the wall of the frit deprotonate results in an excess 

transversely to the wall or transversely 
of protons moving transversely artows 
to the direction of fluid movement, indicated , 
X The hydrogen ions move in response to the electric 
Lid applied hy the electrodes 29 in the direction of the 
arro „s X. The non-charged water atoms also move in 
, .espouse to the applied electric field because of drag 
t oL ^at exist between the ions and the water atom 
forces tna achieved without 

Xs a result, a pumping effect may 
any moving parts. In addition, the structure may be 
Seated in silicon at extremely small si.es making such 
devices applicable as pumps for cooling integrated 
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circuits . 
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I„ accordance with one embodiment o£ the present 
invention, the frit IB .ay be made of an open and connected 
cell dielectric thin film having open nanopores. By the 

- snores " it is intended to refer to films having 
term "nanopores, j-^ 

pores on the order of 10 to 1000 nanometers. In one 
embodiment, the open cell porosity may be introduced usrng 
the sol-gel process. In this embodiment, the open cell 
porosity may be introduced by burning out the P«o9« 
phase. However, any process that forms a die ectrrc r 1m 
having interconnected or open pores on the order of 10 to 
1000 nanometers may be suitable in seme embodiments of 

present invention. 

For example, suitable materials may be formed of 
organosilicate resins, chemically induced phase separat.cn, 
and sol-gels, to mention a few examples. Commercially 
available sources of such products are available from a 
iarge number of manufacturers who provide those frlms for 
extremely low dielectric constant dielectric film 
semiconductor applications. 

in one embodiment, an open cell xerogel can be 
fabricated with 20 nanometer open pore geometries that 
increase maximum pumping pressure by a few orders of 
.agnitude. The xerogel may be formed with a less polar 
solvent such as ethanol to avoid any issues of water 
5 tension attacking the xerogel. Also, the pump may be 

prim ed with a gradual mix of hexamethyldisrlazane (HMDS) , 
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j „. ,-h<=> surface tension forces. 

rt"r^: - ...... - - - - 

- ...... - « r : -";:r.rrr 

Referring to Figures 2-9, tne 

■ „„ m n 28 using a nanoporous open 
. henrated electroosmotic pump 28 using 

rrr^ic frit « begins by patted ana etchxng to 
d efine an electroos-ic trench^ ^ ^ 

Referring to Figure 2, a tnin u 

be gr^ over \ h e trench in one — -ely, 

a thin etch or polish-stop layer 16, such as 

nitride .ay be for.ee by chemical vapor deposxtxon. Other 

mtride. may ^ ^ dielectrlc 

techniques may also be usea 

layer 16. The nanoporous dieleotric layer 18 may than 
£o rmed, for example, by spin-on deposition. In one 

sol -gel. The deposited dielectric 
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, tenure 3 the structure of Figure 2 
Then, referring to Figure 3, tn 

mav he polished or etched hack to the stop layer 16. As 
may be poiisne , ,. lfl _, v be defined 

result, a nanoporous dieleetrrc frit 18 may 

is filling the substrate trench, 
within the layer 1 , fx ng ^ ^ ^ de(ined 

Referring next to Figure %, v 

■ 0 t- laver 22 in one embodiment of the present 
in a resist layer effec tive to enable 

• .nHnn The openings 24 may be effective 
invention. ^ 3 , _ f i-yie frit 

electrical connections to be formed to the end of 
18. Thus, the openings 24 may be formed down to 
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deposited oxide layer 20 that may encapsulate the 
underlying frit 18. In some embodiments, the deposited 
oxide layer 20 may not be needed. 

The resist 22 is patterned as shown in Figure 4, the 
exposed areas are etched and then used as a mask to form 
the trenches 26 alongside the nanoporous dielectric layer 
18 as shown in Figure 5. Once the trenches 26 have been 
formed, a metal 29 may be deposited on top of the wafer In 
one emobodiment, sputtering can be used to deposit the 
metal. The metal 29 can be removed by etching or lift-off 
techniques in such a manner as to leave, metal only in the 
trench at the bottom of the trenches 26 as shown in Figure 
6. The metal 29 is advantageously made as thin as possible 
to avoid occluding liquid access to the exposed edge 
regions of the frit 18, which will ultimately act as the 
entrance and exit openings to the pump 28. The metal 30 
may be thick enough, however, to assure adequate current 
flow without damage to the electrodes. Additionally, it is 
advantageous if the metal 29 also is deposited along the 
edges of the frit to a thickness which does not block the 
pore openings. This assures a uniform electric field along 
the entire depth of the frit. 

Referring to Figure 7, a chemical vapor deposition 
material 34 may be formed over the frit 18 and may be 
patterned with photoresist and etched, as indicated at 32, 
to provide for the formation of microchannels 38 shown in 
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Figure 8. The microchannels 38 act as conduits to convey 
liquid to and from the rest of the pump 41. Also, 
electrical interconnections 36 may be fabricated by 
depositing metal (for example by sputtering) , and removing 
the metal in selected areas (for example by lithographic 
patterning and etching across the wafer to enable 
electrica! current to be supplied to the electrodes 29 
This current sets up an electric field that is used to draw 
the fluid through the pump 28. 

Referring to Figure 9, the fluid may pass through the 
mic rochannels 38 and enter the frit 18 by passing over the 
first electrode 29. The fluid is drawn through the frit 
by the electric field and the disassociation process 

t , i. » result, the fluid, which may be 
described previously. As a result, 

water, is pumped through the pump 28. 

Referring now to Figures 10 through 17, one embodiment 
of a fabrication technique for making an integrated re- 
cover is illustrated. Initially, a semiconductor 
substrate 60, such as a silicon wafer, may have a trench 62 
formed therein by patterning and etching techniques, for 
example. Thereafter, a catalyst material 64, such as 
platinum or lead, is sputter deposited as shown in Figure 
10 The catalyst material 64 is polished off the top of 
the wafer substrate 60 so only the portion 66 remains as 
shown in Figure 11. A resist may be spun-on and patterned 
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to form microchannels 68a and 68b, shown in Figures 12 and 

" ' The microchannels 68a and 68b may be etched to the 
depth o £ the top of the catalyst material 66 and the res- 
Jed to do the etching may be cleaned. Then a resit 70 

\ „„ and ashed to clear the top of the wafer 

may be spun-on and ashed barrle r, such as 

substrate 60, as shown in Figure 14. A ^ner 
TiTiN, and copper 72 may be sputtered on top of the wafer 

( lift off ^ be used to remove the 
substrate 60. A resist lift off may 
copper from the top of the catalyst material 66 and 
mi crochannels 68a and 68b as shown in Figure 17. 

A porous Teflon layer (not shown, may be deposited 
over the wafer surface and either etched bac, or poUs ed 
so that the Teflon covers the catalyst material 66 while 
Having the copper 72 exposed. The Teflon layer protects 
the catalyst material 66 if re-combined gas turns into 
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A pair of identical substrates 60, processed as 
described above, may then be combined in face-to-face 
abutment to form a re-combiner 30 as shown in ~*>»™ 
The substrates 60 may be Joined by copper-to-copper bonding 
W hre there is no trench 16 or channel 68. Other bon ing 
technique, such as eutectic or direct bonding may also , 
used to join the two wafers together. The trenches 
channels 68 may be aligned to form a passage for cooling 
fluid circulation over the catalyst material 66. 
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The re-combiner 30 may be used to reduce the buildup 
of gas in the cooling fluid pumped by the pump 28. 
Exposure of the gases to catalytic material 66 results in 
gas recombination. The re-combiner 30 may be made deep 
enough to avoid being covered with water formed from 

recombined gas . 

Referring to Figure 18, a stack 110 may include 
alternating integrated circuits 112 and cooling chips 124. 
in particular, starting from the bottom, the integrated 
circuit 112a is coupled by surface mount connections 118 to 
a structure 114 such as a printed circuit board. Over the 
integrated circuit 112a is a cooling chip 124 which may 
include microchannels 122 for the circulation of cooling 
fluid. Above the cooling chip 124 is another integrated 
circuit 112b, followed by another cooling chip 124 and 
another integrated circuit 112c under another cooling chip 
124. The exact number of alternating layers is subject to 
considerable variability. 

Each integrated circuit 112 may be coupled to an 
overlying cooling chip 124 using a variety of bonding 
techniques in the wafer bonding layer 120. The wafer 
bonding layer 120 may be copper or oxide wafer bonding 
layers in some embodiments of the present invention. 
Eutectic bonding may also be employed. 

Each integrated circuit 112 may have a specialized 
function and all the integrated circuits 112 may have the 
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same function in one embodiment. Each integrated circuit 
112 may include an active layer 116a and a bulk 
semiconductor substrate 116b. 

Electrical connections may be made between the 
integrated circuits 112. For example, the electrical via 
12 6a may couple the integrated circuit 112a and the 
integrated circuit 112c. The via 126b may couple the 
integrated circuits 112c and 112b. The electrical via 126c 
may couple the integrated circuit 112b with the integrated 

circuit 112a. 

In some cases, some integrated electronics may be 
included on the cooling chips 124. For example, an 
integrated temperature sensor such as a thermister may be 
formed on the circuit as well as other control elements. 

The microchannels 122 may be formed by techniques 
described previously in connection with the formation of 
the microchannels 68 and the trenches 16. Basically, the 
microchannels 122 circulate cooling fluid through the 
cooling chips 124 for cooling the proximate integrated 
circuits 112. The number and placement of these cooling 
channels 122, as well as their orientation, is subject to 
considerable variability. 

Referring to Figure 19, the stack 110 from Figure 18 
may be entirely contained within a package 138 mounted on a 
support structure 118. External to the package 138 is a 
pump and re-combiner unit 130. In one embodiment, the re- 
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combiner can be made as described previously and may be 
formed on an integrated circuit. Lines 136 and 134 couple 
the pump and re-combiner 130 to the stack 110 and a 
radiator 132 for heat dissipation. As shown in Figure 19, 
the lines 134 and 136 may be tubing such as plastic or 
metal tubes. 

Referring to Figure 20, in accordance with another 
embodiment, the stack 110 may be integrated within a stack 
as well, in this case, the stack 110 may be coupled to a 
bonding layer 120, such as a copper bonding layer. The 
bonding layer 120 may be coupled to a glass layer 140 used 
to insulate the upper portion of a stack from the overlying 
structure 142. The structure 142 may include 
electroosmotic pumps 18 formed therein in order to supply 
the cooling fluid to the microchannels 122. The copper 
heat sink 146 may be located over the pumps 18. The copper 
heat sink 146 may work to provide for heat dissipation 
through a thinned heat sink 132. Fluid flow from the pumps 
18 may be conveyed by vertical channels formed as vras 
through the structure 142 to communicate with the 
underlying microchannels 122. 

Turning next to Figure 21, in this case, the stack 110 
is contained entirely within the package 138, together with 
the pump/re-combiner 130a. Again, the pump/re -combxner 
130a may be formed using the techniques illustrated in 
Figures 1-17A and may be an integrated circuit coupled by 
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channels 136 and 150 to the micro-channels 122 within the 
stack 110. A fluid pipe 136 goes from stack 110 to the 
pump re-combiner 130a. Another pipe 135 leads from the 
pump re-combiner 130a to the radiator 132. Still another 
pipe 134 leads from the radiator back to the stack 110. 
The fluid circulates in a loop from the pump 130a to the 
stack 110 to the radiator 132 to dissipate heat. Also, 
having the heat sink 132 separated from the stack 110 may 
achieve a greater difference in temperature between the 
heat sink 132 and the stack 110, resulting in more heat 
dissipation, in one embodiment, the layer 148 may be a 
series of build-up layers formed in silicon. 

Referring to Figure 22, the flow of fluid through 
channels 122 may be subject to considerable variability. 
For example, each of the channels 122 may receive a fluid 
input 134 and may pass a fluid output 132 back to a pump or 
re-combiner. Thus, in such case, the fluid flow through 
each cooling chip 124 may be substantially parallel. 

Referring to Figure 23, the fluid flow through the 
cooling chips 124 may be arranged in a serial fashion where 
the flow proceeds from one cooling chip 124 to another 
through connecting elements 135. While the connecting 
elements 135 are shown as being external to the stack 110, 
they may also be internal, formed as vias connecting the 
channels in one chip 124 to the channels 122 in a lower 
chip 24, in one embodiment of the present invention. 
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Referring to Figure 24, in accordance with one 
embodiment of the present invention, a series of channels 
122a through 122d in one cooling chip 124 may be arranged 
over a series of channels 122e through 122h in another chip 
124, in turn arranged over a series of channels 122i 
through 1221 in still another chip 124. 

Referring to Figure 25, each of the sets of channels 
122 in any given chip 124, such as the channels 122a 
through 122d, may be arranged to provide for serial flow as 
indicated. The serial flow may be simply formed by 
channels formed within the chip 124 itself. Alternatively, 
the flow through any given layer, such as the layer 
including the channels 122a through 122d, may be parallel 
as suggested in Figure 26. Thus, the flow within any given 
chip 124 may be serial or parallel and the flow from chip 
124 to chip 124 may be serial or parallel in some 
embodiments of the present invention. 

Referring to Figure 27, in accordance with one 
embodiment of the present invention, a controller 154 may 
be integrated into one of the cooling chips 124 in one 
embodiment of the present invention. The controller 154 
electrically communicates with temperature sensors 152 
contained in each cooling chip 124. The temperature 
sensors 152 sense the local temperature and indicate 
whether cooling is needed or not. When cooling is needed, 
the flow of fluid may be provided. For example, fluid flow 



15 



10 



may be provided through one layer and not another layer in 
one embodiment of the present invention. In such case 
where only one integrated circuit 112 is in need of 
cooling, the cooling flow may be controlled to pass the 
cooling fluid in the cooling chip 124 associated with the 
hot integrated circuit 112. 

This temperature responsive cooling control may be 
provided in a number of ways. One way to do so is to 
provide a number of electroosmotic pumps 28, each 
associated with one or more cooling channels. Those 
electroosmotic pumps may be either operated or not operated 
based on signals from the controller 154. Thus, relatively 
fine control of how much cooling is provided and where that 
cooling is provided may be facilitated in some embodiments 
15 of the present invention. 

In accordance with some embodiments of the present 
invention, the stack 110 may be effectively edge sealed so 
that the stack 110 may be partially immersed in a liquid. 
However, because of the hermetic sealing of the edge 
20 regions of the stack 110, the liquid may only enter the 
stack 110 through ports which communicate with the 
microchannels 122 formed in the cooling chips 124. 

For example, referring to Figure 28, a package 156 may 
have a first trench 154 and a second trench 160 which are 
25 isolated from one another. Interior edges of the trenches 
154, 160 are defined by the stack 110 which is inserted 
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into the package 156. The trenches 154 and 160 may 
communicate with ports 158 and 162 which allow fluid to be 
added or exhausted from the package exterior. The edges of 
the stack 110 are in communication with the fluid filled 
5 trench 154. Fluid from the fluid filled trench 154 may 
enter the stack 110 and may leave through the fluid filled 
trench 160. Fluid may be recirculated by tubing 168 which 
connects the ports 162 and 158. 

Referring to Figure 29, the fluid filled trench 154 
10 may fluidically communicate with one or more microchannels 
122, that in turn communicate with one or more 
electroosmotic pumps 28 and re-combiners 30. In this way, 
fluid may be pumped by the electroosmotic pump 28 for 
selective cooling of hot areas of the multichip stack 110. 
15 Upper and lower covers 164 and 166 may be included on the 
package in one embodiment of the present invention. 

While the present invention has been described with 
respect to a limited number of embodiments, those skilled 
in the art will appreciate numerous modifications and 
20 variations therefrom. It is intended that the appended 

claims cover all such modifications and variations as fall 
within the true spirit and scope of this present invention. 
What is claimed is: 
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